Root apical aluminum (Al) exclusion via Al-activated root citrate exudation is widely accepted as the main Al-resistance mechanism operating in maize (Zea mays) roots. Nonetheless, the correlation between Al resistance and this Al-exclusion mechanism has not been tested beyond a very small number of Al-resistant and Al-sensitive maize lines. In this study, we conducted a comparative study of the physiology of Al resistance using six different maize genotypes that capture the range of maize Al resistance and differ significantly in their genetic background (three Brazilian and three North American genotypes). In these maize lines, we were able to establish a clear correlation between root tip Al exclusion (based on root Al content) and Al resistance. Both Al-resistant genotypes and three of the four Al-sensitive lines exhibited a significant Al-activated citrate exudation, with no evidence for Al activation of root malate or phosphate release. There was a lack of correlation between differential Al resistance and root citrate exudation for the six maize genotypes; in fact, one of the Al-sensitive lines, Mo17, had the largest Al-activated citrate exudation of all of the maize lines. Our results indicate that although root organic acid release may play a role in maize Al resistance, it is clearly not the only or the main resistance mechanism operating in these maize roots. A number of other potential Al-resistance mechanisms were investigated, including release of other Al-chelating ligands, Al-induced alkalinization of rhizosphere pH, changes in internal levels of Al-chelating compounds in the root, and Al translocation to the shoot. However, we were unsuccessful in identifying additional Al-resistance mechanisms in maize. It is likely that a purely physiological approach may not be sufficient to identify these novel Al-resistance mechanisms in maize and this will require an interdisciplinary approach integrating genetic, molecular, and physiological investigations.
Aluminum (Al) toxicity in acid soils negatively impacts the production of staple food crops, particularly grain crops. Given that approximately 30% of the world's total land area consists of acid soils, and as much as 50% of the world's potentially arable lands are acidic, Al toxicity represents one of the most important limitations to agricultural production worldwide (Von Uexkull and Mutert, 1995) . As the soil pH drops below 5, toxic forms of Al become soluble into the soil solution, interfering with a wide range of physical and cellular processes, resulting in the inhibition of root growth and function and thus reducing crop yields. The mechanisms underlying Al toxicity have been extensively addressed in the literature. Fortuitously, crop plants have evolved resistance mechanisms that enable them to tolerate toxic levels of Al in acid soils (for recent reviews on Al resistance and Al toxicity, see Kochian, 1995; Matsumoto, 2000; Matsumoto et al., 2001; Barcelo and Poschenrieder, 2002; Kochian et al., 2004 Kochian et al., , 2005 . Resistance to Al can be achieved via exclusion of Al from the root apex and/or via intracellular tolerance by sequestration of Al in the plant's symplasm (i.e. ''true tolerance''). Although recent evidence for an Alresistance mechanism involving internal detoxification and sequestration is starting to emerge, the most compelling evidence has focused on a resistance mechanism based on chelation and exclusion of extracellular Al via Al-activated root organic acid release (for review, see Ma, 2000; Ma et al., 2001; Ryan et al., 2001; Kochian et al., 2004 Kochian et al., , 2005 ). An early study in snapbean (Phaseolus vulgaris; Miyasaka et al., 1991) , followed by a more extensive characterization of the same phenomena in wheat (Triticum aestivum; Delhaize et al., 1993a Delhaize et al., , 1993b , showed that Al-tolerant genotypes exhibit a strong, Al-activated exudation of Al-chelating organic acids (citrate in snapbean and malate in wheat), which is absent or much smaller in the Al-sensitive genotypes. Subsequent studies showed a close correlation between the degree of Al resistance and the magnitude of Al-activated root malate release in 36 different wheat genotypes differing in Al resistance, in addition to that shown for the Al tolerant near isogenic lines of wheat characterized originally (Ryan et al., 1995a (Ryan et al., , 1995b .
Although Al-tolerant genotypes from many plant species seem to share this general resistance mechanism, it is the identity of the organic acid released that varies in different plant species (see table I in Kochian et al., 2004) . High levels of Al-activated citrate, oxalate, and malate release have been correlated with differential Al resistance in a large number of both monocot and dicot plant species. Al-activated malate exudation has been the most extensively characterized Al-exclusion mechanism, mainly due to the large number of studies published on wheat Al resistance. However, Al-tolerant genotypes for a number of other plant species (including maize [Zea mays]) exhibit an Alactivated root citrate exudation. Given its physicochemical properties, citrate 32 (a tricarboxylic acid anion) chelates Al 31 more effectively than does the dicarboxylic malate 22 anion, making it more effective at detoxifying Al. Consequently, several studies have characterized the Al-induced citrate exudation response in maize as a potential Al-exclusion mechanism (Pellet et al., 1995; Jorge and Arruda, 1997; Ishikawa et al., 2000; Kidd et al., 2001; Kollmeier et al., 2001; Piñ eros et al., 2002; Mariano and Keltjens, 2003) . However, it should be pointed out that the acceptance that Al resistance in maize is conferred by Al-activated citrate exudation is based, in part, on assumptions and/or extrapolations from the extensive body of work that has been carried out on wheat Al resistance. In each study on maize, the correlation between Al resistance and Al-activated citrate exudation has only been studied with a single Al-resistant genotype in comparison with one or two Al-sensitive lines. In general, other potential Al-resistance mechanisms in maize have been disregarded, and given the genetic complexity of maize Al resistance (Magnavaca et al., 1987; Ninamango et al., 2003; Kochian et al., 2005) , are quite likely to exist. Since some recent findings on the physiology of Al resistance has suggested that alternative or additional mechanisms of Al resistance other than organic acid exudation may be operating in maize (Kidd et al., 2001; Piñ eros et al., 2002) , there is a need to investigate more rigorously the correlation between the degree of Al resistance and the magnitude of Al-activated root citrate release in maize.
Although Al-activated release of organic acids as an Al-resistance mechanism has gained wide acceptance for plants, alternative Al-resistance mechanisms have also been mentioned and have begun to receive attention in the literature. Examples of such mechanisms include internal detoxification of Al (Ma et al., 1997; Ma and Hiradate, 2000) , root mediated changes in rhizosphere pH (Degenhardt et al., 1998) , and root exudation of phenolic compounds (Kidd et al., 2001) . Recent studies on the extremely Al-resistant forage grass, Bracchiaria decumbens, have suggested the existence of novel and undetermined mechanisms of Al resistance (Wenzl et al., 2001 (Wenzl et al., , 2002 . Although this species is considerably more Al resistant than any of the most resistant genotypes of wheat, maize, rye (Secale cereale), and triticale reported in the literature, it does not seem to share any of the Al-resistance mechanisms described for these species. For example, although some degree of Al exclusion could be operating in Bracchiaria roots, no evidence for Al activation of root organic acid exudation or root-mediated alteration in rhizosphere pH was found. Likewise, changes in internal organic acid concentrations (i.e. internal detoxification and sequestration of Al) could not account for the much higher level of Al resistance in Bracchiaria.
The main objective of this study was to carry out a detailed comparative study of the physiology of maize Al resistance using six different maize genotypes that capture the range of maize Al resistance and differ significantly in their genetic background: three Brazilian genotypes and three North American genotypes. This comparison should help to confirm the validity of the role of root organic acid exudation in maize Al resistance, and should also indicate whether further research is needed to explore the existence of alternative Al-resistance mechanisms in maize.
RESULTS
The degree of Al resistance of all six maize genotypes was correlated with physiological parameters associated with mechanisms that facilitate Al exclusion from the root apex and/or by mechanisms that confer the ability to tolerate Al in the plant symplasm (Al tolerance). Given that relative root growth (RRG) measurements have proved to be suitable phenotypic criteria to assess Al resistance in maize roots grown in full nutrient solution (Magnavaca et al., 1987; Canc xado et al., 1999) , we used this parameter to rank the degree of Al resistance among the six maize lines (Fig. 1) . As expected, as the Al 31 activity in the growth solution was increased from 5 to 40 mM, an increasing degree of root growth inhibition in all six genotypes was observed. Although differential Al resistance was seen even at low Al 31 activities, higher Al levels (.20 mM Al 31 ) were used for most of the subsequent studies as these resulted in the greatest differences in Al resistance between the maize lines. For example, exposure of the most Al-tolerant genotype, Cateto-Colombia, to solutions containing Al 31 activities as high as 40 mM caused no more than a 20% inhibition of root growth (relative to the 2Al-grown control), while inhibiting root growth by 45% to 70% in the other lines. Based on the root growth measurements we ranked the Al resistance of the genotypes into three main categories: highly Al tolerant (Cateto-Colombia), moderately Al tolerant (Pioneer 3355), and Al sensitive (Mo17, B73, L53, and 11 3 723). It is interesting to note that the genotype Cateto-Colombia was extremely Al tolerant, not only compared to the other five genotypes, but also to other maize genotypes and crop species reported in the literature (for comparisons, see Wenzl et al., 2001 ).
Possible Al-resistance mechanisms have been classified into two distinct classes: those operating to exclude Al from the root apex and those that allow the plant to tolerate Al accumulation in the root and shoot symplasm. Since Al resistance in maize has repeatedly been attributed to mechanisms aimed at excluding Al from the root tip, we proceeded to correlate the degree of Al resistance with the degree of Al exclusion (as measure by Al content in root tips) for each of the six genotypes. Figure 2A depicts the magnitude and spatial distribution of Al content over the first centimeter of the root apices for plants grown for 5 d in the presence of 40 mM Al 31 activity in the nutrient solution. The Al content over the root's first centimeter was relatively homogenous in every genotype, with no significant differences in the Al content among the three discrete root sections analyzed (0-0.25 cm, 0.25-0.5 cm, and 0.5-1 cm). However, the total Al content over the first centimeter was significantly different among the lines, ranging from as low as 495 6 38 mg Al/g dry weight in Cateto-Colombia to as high as 2,226 6 86 mg Al/g dry weight in the very Al-sensitive genotype, B73. Figure 2B illustrates the relationship between the degree of Al resistance and root tip Al content for the six lines. The very Al-resistant Cateto-Colombia exhibited the lowest Al content, followed by moderately Al-resistant Pioneer 3355. The remaining Al-sensitive genotypes had a 2-to 3-fold larger Al content in their root tips. The clear correlation between Al resistance and root Al content in Figure 2B strongly suggests that the differences in Al-resistance genotypes arise from differences in their potential to exclude Al from the root tip.
To determine whether these differences in root Al exclusion were due to root organic acid exudation, we proceeded to quantify and compare Al-activated root organic acid release in the six lines. Root exudates were collected over two different 24-h periods (between days 1 and 2 and days 3 and 4) for roots of intact seedlings exposed to different Al 31 activities. For all six maize genotypes, citrate was the only organic acid whose release was dependent on the presence of Al. Table I shows the complete set of data for time-and Alactivity-dependent rates of root citrate exudation obtained for the six maize genotypes. Five out of the six genotypes tested (B73 being the exception) showed an Al-concentration dependent increase in root citrate release. The Al-activated citrate exudation rates of these five genotypes tended to saturate as the Al 31 activities reached 40 mM, with the half-maximal rates of citrate release occurring at about 20 mM Al 31 (Table  I) . It is interesting to note that although the two most Al-resistant maize genotypes, Cateto-Colombia and Pioneer 3355, exhibit a significant rate of Al-activated root citrate release, the Al-sensitive genotype, Mo17, exhibited the highest citrate exudation rate of any of the six genotypes (from 570-830 pmol citrate root 22 h 21 at 40 mM Al 31 ). Rates of root Al-activated citrate exudation were correlated with the degree Al resistance (as determined by the RRG measurements) to evaluate the role of organic acid release in the Alresistance response of the maize genotypes. Figure 3 shows the relationship between RRG and citrate exudation rates at two different Al activities. These activities were chosen as they represent the Al activities where the Al-induced citrate release rates were half-maximal and saturating, respectively, for all of the maize lines. Interestingly, as seen in Figure 3 , there was no clear relationship between the magnitude of Alactivated citrate exudation and the Al resistance of a genotype. In general, the extremely Al-tolerant Cateto-Colombia genotype had citrate exudation rates that were not significantly different from those of several of the Al-sensitive genotypes. Furthermore, as mentioned above, the Al-sensitive genotype, Mo17, had a significantly larger citrate exudation rate than any of the other five maize lines for exudation measured during the first time period (day 1-2 in Al). Consequently, when these parameters were considered for all six genotype, we could not establish a significant correlation between root Al-activated citrate exudation and differential Al resistance.
The lack of correlation between Al-induced citrate exudation and Al resistance contrasts with the clear correlation between Al exclusion (i.e. Al content) and Al resistance shown in Figure 2B . Therefore, we also examined the relationship between root tip Al content and Al-activated citrate exudation for the six genotypes (Fig. 4) . These results again show the lack of a clear correlation between Al exclusion and citrate exudation rates at either of the two time periods tested. When one examines the three most Al-sensitive genotypes, B73, L53, and 11 3 723, the correlation between these two parameters holds up to some degree. However, although the Al-sensitive genotype, Mo17, had the highest citrate exudation rates, its root tip Al content was 1.5 and 2.5 times larger than that observed for the Al-tolerant genotypes, genotype Pioneer 3355 and Cateto-Colombia, respectively. Likewise, despite the 3-fold difference in root tip Al content between Cateto-Colombia, and the Al-sensitive lines, L53 and 11 3 723, the citrate exudation rates measured for these three genotypes were not significantly different. Thus, although root tip Al exclusion correlates nicely with the degree of Al resistance of a particular maize genotype, Al-activated organic acid exudation does not correlate strongly with either parameter. Consequently, since citrate exudation cannot entirely account for the Al exclusion observed in the most resistant genotype, the above results strongly suggest that although root citrate exudation may play a role in resistance (as all the tolerant maize genotypes studied thus far exhibit a substantial Al-activated root citrate release), other Al-resistance mechanisms most likely also contribute to the high degree of Al resistance seen in maize lines such as Cateto-Colombia.
We also considered the possible role of the root exudation of some other potential Al chelators that could contribute to Al exclusion and consequently, Al resistance. Root malate and phosphate exudation was quantified and was found to not differ substantially between the six maize genotypes (see supplemental material, available at www.plantphysiol.org; Table I ). Furthermore, in contrast to citrate exudation, malate and phosphate exudation were constitutive, not being dependent on the absence or presence of external Al. Consequently, we could not establish a correlation between malate and phosphate exudation rates and the degree of Al resistance or Al exclusion observed among the six genotypes. These results suggest that to account for the Al resistance observed across the six genotypes described above, mechanisms in addition to Al-activated organic release have to be operating in maize. Given that some recent evidence in the published literature suggests that Al resistance in some species can involve internal detoxification of Al by organic acid ligands, followed by translocation and sequestration of the Al-organic acid complexes in the shoot vacuole, we investigated this possibility. Table II shows the Al content of leaf tissue for the six maize genotypes when grown on 40 mM Al
31
. The levels of Al in the shoot tissue of all six genotypes were significantly lower (20-to 100-fold) than those observed in the root tissue, indicating that there is no significant translocation of Al from the root to the shoot. Furthermore, as the shoot Al content was not significantly different among the six genotypes, it is not likely that this Al-resistance mechanism is operating in maize. Consequently, we then looked at the potential role of Al-chelating organic acids in the root in conferring an internal Al-tolerance mechanism. Figure 5 depicts the root tip concentrations of citrate and aconitate, the two organic acids whose root content respond significantly to Al exposure. In general, while exposure to increasing levels of Al elicited a strong (more than 3-fold) increase in root tip citrate content for all six maize lines, the aconitate content in the root tip showed an inverse relationship with increasing Al exposure, decreasing by 4-to 5-fold as the Al activities were increased. There was no clear correlation found between differential Al resistance and root tip citrate or aconitate content when all of the maize lines were examined. Furthermore, malate and phosphate root tip content were also not significantly correlated with Al resistance (see supplemental material; Table II ). Overall, no significant relationship could be established between the Al resistance of a particular genotype and the absolute levels of changes in organic acids or phosphate in the root tip.
As an alternative Al-resistance mechanism we investigated the possibility of Al exclusion from the root apex being achieved via root-mediated alterations of rhizosphere pH. These efforts involved ''pH clamping'' of the rhizosphere solution by including the nonAl-chelatingbuffer,Homopipes,ataconcentration(2.5mM) that abolished pH gradients generated at the root surface due to root H 1 influx or efflux (Degenhardt et al., 1998 ). Thus, we are able to control the pH of the rhizosphere solution at the root surface at predetermined pH values determined by the Homopipes buffer. Therefore, any Al-resistance mechanism based on root-mediated changes in rhizosphere pH should be abolished or significantly reduced by this treatment, and a decrease in overall Al resistance should be seen. We first established that 2.5 mM Homopipes had no effect on maize root growth in the absence of Al (Fig. 6A) . Subsequently, we examined the relative Al resistance of the six maize genotypes by measuring RRG in the presence and absence of Al in buffered and unbuffered growth solutions. As seen in Figure 6B , there was no significant difference in relative Al resistance between the six genotypes whether the rhizosphere pH was clamped at pH 4 with Homopipes compared with unbuffered growth solution. These results suggest that the differential Al resistance in these six maize genotypes was probably not associated with differences in the ability of the more resistant genotypes to increase the rhizosphere pH in the presence of Al.
To examine this response in more detail, we then used pH microelectrodes to measure rhizosphere pH at a distance of 30 mm from the root surface at different locations along the first centimeter of the root tip of the six maize lines either for up to 4 d in the absence of Al or for short-term (up to 6 h) and long-term (up to 72 h) exposures to 40 mM Al 31 . In the absence of Al, the pH profiles of all six maize varieties were quite similar (Fig. 7, left column) , exhibiting a strong and persistent alkalinization (pH increase from 4 to between 4.2 and 4.6) over the first approximately 3 to 4 mm of the root apex. Although this pattern was maintained over a 4-d period in the absence of Al, the rhizosphere alkalinization was less pronounced on days 3 and 4, most likely due to developmentally related variations in rhizosphere pH.
Regardless of their degree of Al resistance all six varieties experienced a significant decrease in the rhizosphere pH at the root apex after being exposed to Al for 24 h (Fig. 7 , middle column). Longer periods of Al exposure did not result in further reductions of the surface pH. Consequently, we examined the effect of a shorter-term exposure to Al (up to 6 h). Within 10 min after Al exposure, Al significantly reduced the surface pH in all genotypes tested. Further reduction in surface pH was observed after 1 h of Al exposure. After 6 h of exposure, the surface pH was reduced to values similar to those measured after the long-term Al exposures. In summary, we were unable to detect any significant differences in the Al-induced changes in surface pH among the six genotypes tested that could be associated with the differential Al resistance. Moreover, we were not able to observe any indication of an Al-induced alkalinization for any of the genotypes studied that could account for its Al-resistance profile. Consequently, the differences in Al exclusion and Al resistance among the genotypes examined cannot be attributed to Al-induced root-mediated alterations (i.e. alkalinization) of the rhizosphere pH.
DISCUSSION
It is widely accepted in the literature that a major plant Al-resistance mechanism involves Al-activated exudation of the organic acids, malate, citrate, or oxalate, depending on the plant species studied (see, for example, Ma, 2000; Ma et al., 2001; Ryan et al., 2001 ; Figure 4 . Relationship between root citrate exudation and root Al content. Al content values were estimated as in Figure 2A . Citrate exudation rates correspond to those shown in Table I . Horizontal and vertical bars indicate the SEM. The numbers refer to the different maize genotypes in order of decreasing Al resistance: highly Al-resistant Cateto-Colombia (no. 1), moderately Al-resistant Pioneer (no. 2), and Al-sensitive Mo17 (no. 3), B73 (no. 4), L53 (no. 5), and 11 3 723 (no. 6).
Kochian et al., 2004). The extensive work in wheat has
shown a clear and strong correlation between the degree of Al resistance in a large number of wheat genotypes and the magnitude of Al-activated root malate release (Delhaize et al., 1993a (Delhaize et al., , 1993b Ryan et al., 1995a Ryan et al., , 1995b Pellet et al., 1996; Papernik et al., 2001 ). These studies have laid the foundation for investigations into the cellular mechanism (i.e. membrane transporters) that mediates the release of malate from wheat root cells (Ryan et al. 1997; Zhang et al., 2001 ) that has culminated in the isolation of a candidate gene, ALMT1, for the Al-activated malate transporter in wheat (Sasaki et al., 2004) . Al-activated organic acid (i.e. citrate) release (Pellet et al., 1995; Jorge and Arruda, 1997; Ishikawa et al., 2000; Kollmeier et al., 2001; Piñ eros et al., 2002; Mariano and Keltjens, 2003) and putative membrane transporters capable of mediating the transport of these anions (Kollmeier et al., 2001 ; Piñ eros and Piñ eros et al., 2002) have also been reported in roots from Al-resistant maize genotypes. However, in contrast to the overwhelming evidence presented for wheat, the work in maize has been limited to a few Al-resistant genotypes, and therefore evidence indicating that Al-activated citrate release is the main Al-resistance mechanism for maize is still lacking. Hence, in this study we addressed a number of possible physiological mechanisms that could account for the differential Al resistance observed in six different maize genotypes with diverse genetic backgrounds.
Are Organic Acids Involved in Maize Al Resistance?
The degree of Al resistance for all six genotypes in this study was clearly correlated with the root tip Al content (Fig. 2B) , indicating that an Al-exclusion mechanism most likely underlies Al resistance in maize. With regards to the magnitude of Al-activated root organic acid exudation, five out of the six maize genotypes exhibited Al-activated citrate exudation, with the rates being similar in magnitude to those reported for other Al-resistant maize genotypes (SA3, Pellet et al., 1995; IAC-TAIUBA, Jorge and Arruda, 1997 ; ATP-Y, Kollmeier et al., 2001; CMS36, Mariano and Keltjens, 2003) . The Al-activated citrate exudation rates were positively correlated with the level of Al in the nutrient solution. However, we could not establish a clear correlation between the magnitude of the Alinduced citrate exudation and the degree of Al resistance. For example, the most Al-resistant genotype, Cateto-Colombia, had similar or lower citrate exudation rates to the intermediately resistant and Al-sensitive genotypes (except for Al-sensitive B73, which exhibits a much lower Al-activated citrate release). The characteristics of the Al-induced citrate release observed in this study also differ from those reported for other maize genotypes. For example, other maize lines (e.g. SA3 and ATP-Y) exhibited a significant constitutive citrate release, and Al-activated exudation rates were significantly reduced at higher Al concentrations. Other studies have suggested that Al-activated citrate release in maize is an inducible process that increases as the length of the Al exposure increases (Pellet et al., 1995; Jorge and Arruda, 1997) , which was not seen in this study.
The analytical techniques employed in this study allow us to identify a wide range of organic acids in the root exudates solution. The only organic acid that was released in an Al-activated manner was citrate (Table I) . Furthermore, the only other potential Albinding ligands we found to be released from the roots of the six maize genotypes were malate and phosphate, which were released from the roots in a constitutive (i.e. Al-independent) manner. The lack of correlation between root malate/phosphate exudation and Al resistance indicated that they do not play a role in the differences in Al resistance between the genotypes.
Changes in root organic acid content in Al-treated maize roots have been previously being reported (Pellet et al., 1995; Piñ eros et al., 2002) . Increases in root tip citrate content and citrate synthase activity have also been reported in Al-tolerant rye and soybean genotypes, where Al-stimulation of citrate release also takes place (Li et al., 2000; Silva et al., 2001) . Given that the modulation of organic acid metabolism (via the TCA cycle) affects the accumulation and potentially the efflux of organic acids, we evaluated changes in internal organic acid content in root tips. The increases in Al-activated citrated exudation were accompanied by an up-regulation of root citrate levels, and a downregulation of root aconitate content (Fig. 5) . The in- crease in citrate content could result from a stimulation of citrate synthase and/or a reduction in the activity of aconitase, which could result in lower citrate turnover via the conversion to isocitrate. Although changes in the TCA cycle are likely a prerequisite to sustain the exudation of organic acids, it is unlikely that alterations in symplasmic organic acid metabolism drive the increases in organic acid release. First, although the Al-activated stimulation in citrate exudation saturates at around 20 mM Al 31 , the Al-induced changes in organic acid content (i.e. increase in citrate content and decrease in aconitate) did not shown any saturation even at 40 mM Al 31 . Furthermore, the changes in internal organic acid concentrations did not correlate with exudation rates. For instance, root organic acid content in B73 was not significantly different from that measured in the most Al-tolerant genotype (CatetoColombia) or the genotype with the highest citrate exudation rate (Mo17), even though B73 exhibited low Al-activated citrate exudation. This suggests that the capacity of the TCA cycle to maintain organic acid synthesis exceeds the demands of organic acid efflux. Our observations are consistent with the lack of correlation between internal organic acid concentrations and efflux rates reported for Al-tolerant and Alsensitive maize and wheat genotypes (Delhaize et al., 1993b; Pellet et al., 1995) . In addition to its potential role in root tip Al exclusion, organic acids can also play a role in internal Al detoxification. Studies in Al accumulator crop species such as buckwheat have shown that these species can tolerate Al by translocating it to the shoot tissue as an Al-organic acid complex, and subsequently storing the Al-organic acid complex in the vacuole of leaf cells (Ma et al., 1998; Ma and Hiradate, 2000) . In this study, the Al concentrations found in the shoots were low and were not significantly different between the maize lines, suggesting that such a mechanism cannot explain the differences in Al resistance. In addition, given that the Al concentrations in the shoot were 20-to 100-fold lower than those found in the root tissue, it is unlikely that Al translocation to the shoot plays a significant role in Al resistance.
Are Other Al-Exclusion Mechanisms Operating in Maize Roots?
Given that the measurements of root Al content pointed to Al resistance being achieved by Al exclusion, we also evaluated the hypothesis of Al exclusion via root-mediated increases in rhizosphere pH (Taylor, 1991; Degenhardt et al., 1998) . Alkalinization at the root surface would decrease the activity of the rhizotoxic Al 31 species in the rhizosphere and thus would confer an increase in Al resistance. Microelectrode techniques allowed us to directly characterize changes in the rhizosphere pH along the root tips of the maize genotypes in the presence and absence of Al. In the absence of Al, the rhizosphere pH profile along the root of all six maize genotypes was similar, showing a significant alkalinization along the root apical region, with the maximum gradient occurring acropetally from the meristematic region. The root cap and the more mature root regions maintained a slightly more acidic pH. The apical pH gradient rapidly collapsed (within minutes) upon exposure to Al. This weaker alkalinizing ability of the root apex in the presence of Al was observed in all the maize genotypes. These observations were in agreement with the root growth experiments, where exposure to Al cause a similar degree of toxicity (i.e. Al-induced root growth inhibition) in roots where the rhizosphere pH was either unbuffered or pH clamped with Homopipes buffer. Both approaches confirmed the lack of potential in maize roots of Al-resistant genotypes to mediate Alstimulated alkalinization of the rhizosphere. Consequently, it is unlikely that changes in rhizosphere pH can account for the difference in Al resistance observed among the six genotypes.
What Are the Novel Al-Resistance Mechanisms Operating in Maize?
We had previously speculated that an Al-exclusion mechanism mediated via citrate exudation could be operating in conjunction with a second internal Altolerance mechanism based on increases in internal levels of citrate in the root to account for the maize Al resistance exhibited in very resistant genotypes such as Cateto-Colombia (Piñ eros et al., 2002) . That study and this one reinforce the idea that, in contrast to crop plants like wheat where Al resistance is relatively simple, in maize it is a genetically and physiologically complex trait (Magnavaca et al., 1987; Kochian et al., 2004 ). In the one major quantitative trait loci mapping study on maize Al resistance that has been published to date, five distinct genomic regions were identified as important for Al resistance (Ninamango et al., 2003) , which could indicate that multiple mechanisms are pyramided in maize to result in the overall high level of resistance seen in Cateto-Colombia. Based on the findings presented here, we suggest that Al-activated root citrate exudation could provide a baseline level of Al resistance in many (but not all) maize genotypes. What is intriguing is that despite a fairly extensive investigation of several other possible mechanisms of Al exclusion and internal tolerance, including release of other Al-chelating ligands, alterations in rhizosphere pH, changes in internal levels of Al-chelating compounds in the root, and Al translocation to the shoot, we were unsuccessful in identifying additional Al-resistance mechanisms in maize. It seems likely that the additional Al-resistance mechanisms are associated with Al exclusion from the root tip. It is possible that in the very Al-resistant Cateto-Colombia, Al activates the release of a class of Al-chelating compounds we have not yet identified, such as phenolics. A less likely scenario that should not be dismissed, however, is that is that this Al exclusion could be due to Al efflux from the root-cell symplasm. It should be noted that our findings are similar to those recently presented for very Al-resistant Bracchiaria (signalgrass) species, where it was also shown that Al resistance did not correlate with organic acid release (Wenzl et al., 2001 (Wenzl et al., , 2002 . It is likely that the discovery of these novel Al-resistance mechanisms in maize will require an interdisciplinary approach integrating genetic, molecular, and physiological investigations.
MATERIALS AND METHODS

Plant Material and Seedling Growth
The maize hybrids (SLP 181/71 3 Cateto-Colombia 96/71 and 11 3 723) and line L53 were supplied by EMBRAPA Maize and Sorghum Research Center in Sete Lagoas, Brazil; the maize cultivars B73 and Mo17 were provided by Dr. Owen Hoekenga, Cornell University, NY; and Pioneer 3335 was obtained from Pioneer Hi-Bred International (Des Moines, IA). Seeds were germinated and grown as described previously (Piñ eros et al., 2002 (Parker et al., 1995) . The pH of the control and treatment solutions was adjusted to 4.0 with HCl. For experiments evaluating the effects of pH on root growth and Al resistance, the full nutrient growing solution contained 2.5 mM Homopipes buffer, and the pH was adjusted to 4.0 with HCl. In all cases, seedlings were grown for an additional 1 to 5 d in the treatment solutions depending on the type of experiment performed. The time periods of the different treatments are given in the text.
Measurement of Root Growth Root Tip Al Content
Root growth measurements were performed as described previously (Piñ eros et al., 2002) , prior to Al treatments and then over the following 5 d in Al at 24-h intervals. Root measurements for at least 12 plants/treatment were averaged for each day. Root growth rates (RGR expressed in mm/d) for the control and the Al treatments were obtained from the regression coefficients (slopes) estimated from the linear regression of the root length values (mm) over the first 3 d as a function of time (4 points including initial length). RRG was calculated as: RRG 5 (RGR in Al solution/RGR in control solution). Root tip and leaf tissue Al content were measured by inductively coupled argon plasma emission spectrometry. The first centimeter of the root tips or the entire set of leaves from the shoot were collected and dried in an oven at 55°C overnight. Dry weights were determined using a microgram balance (MT2, Mettler, Greifensee, Switzerland). Dry samples were digested with 100 mL of 70% perchloric acid, resuspended in 2 mL of 0.5% nitric acid, and analyzed using an inductively coupled argon plasma model 51000 emission spectrometer (Perkin-Elmer/Sciex, Foster City, CA).
Whole Root Organic Acid Exudation and Root Tip Organic Acid Content
Following a 24-h Al treatment in full nutrient solution each seedling cup containing 4 seedlings was fitted on top of a plastic centrifuge tube containing 50 mL of aerated 4.3 mM CaCl 2 , plus or minus AlCl 3 (to the desired activity) at pH 4.5 (adjusted with HCl). The choice of this particular simple salt solution and Ca 21 concentration for collection of exudates was previously determined to be optimal for measurement of root organic acid exudations (Piñ eros et al., 2002) . Root exudation was allowed to occur from roots of intact plants for 24 h (i.e. the second day of Al treatment). At this point, exudation samples were collected and analyzed as described below. The cups containing the seedlings were returned to their original treatment in full nutrient solution for an additional 24 h. To compare exudation rates at different time periods, a second set of root exudates were collected in the same simple salt solution over the subsequent 24 h (i.e. the fourth day of Al treatment). Preliminary assays indicated that root organic acid exudation determinations using capillary electrophoresis (CE) in simple salt solutions were similar to the values determined in full nutrient solutions using enzyme-based methods for organic acids (data not shown). Given that CE analysis of organic acids is much more sensitive than organic acid determinations based on using enzyme kits (Delhaize et al., 1993b; Jorge and Arruda, 1997) , and also that it allows us to determine the identify and quantity of all organic acids released from the root, CE analysis was chosen as the preferred method for organic acid determination. Root exudate samples were passed through an OnGuard-Ag chromatography (DIONEX, Sunnyvale, CA) column to remove excess Cl 2 and analyzed by CE. Following the collection of the exudate samples, the root tips were excised and analyzed for organic acid content. Root tissue organic acids were extracted by homogenizing the first centimeter of the root tips in 18 MV water. Samples were centrifuged for 10 min in a microfuge and the supernatant was analyzed by CE with no further sample processing. Organic acids in root exudates and root homogenates were analyzed with a Beckman (Fullerton, CA) P/ACE 5510 CE system controlled by a Pentium II computer interfaced via PACE 1.2.1 software. The background electrolyte used for separation consisted of 0.5 mM dodecyltrimethylammonium bromide, 7.5 mM salicylic acid, and 15 mM Tris adjusted to pH 9.5 with NaOH. Organic acids were separated, detected, and identified as described previously (Piñ eros et al., 2002) . Given that malate and phosphate peaks had similar migration times, we used a combination of CE and colorimetric methods to quantify malate and phosphate separately in that study. Given that those results showed no Al-induced changes in the malate or phosphate exudation rates (in one of the same genotypes used in this study), in this study we rely solely on CE measurements and for practical purpose refer to this combined peak as malate 1 phosphate.
Microelectrode pH Measurements: H 1 -Selective Microelectrodes
Liquid-membrane ion-selective pH microelectrodes were constructed as previously described (Kochian et al., 1989) . Briefly, borosilicate glass capillaries (1.5 mm in diameter, without filament, World Precision Instruments, Sarasota, FL) were cleaned in a mixture of 95% (v/v) concentrated H 2 SO 4 and 5% (v/v) of 70% HClO 4 . Capillaries were pulled using a two-stage Flaming-Brown horizontal electrode puller (Model P-87; Sutter Instrument, Novato, CA), generating a microelectrode with a relatively short shank and a tip diameter of approximately 1 to 2 mm. Microelectrodes were heated (200°C, 3 h), silanized with tri(n-butyl) chlorosilane (200°C, 30 min), cooled, and then stored in an evacuated desiccator. Microelectrodes were initially completely backfilled with a 16-mM KH 2 PO 4 , 24 mM K 2 HPO 4 , and 15 mM NaCl, pH 7.0 solution. The microelectrode tip was then front filled with a short column (50 mm in length) of the H 1 selective cocktail, which consisted of 6% (w/w) 4-nonadecylpyridine (Fluka, Ronkonkoma, NY), 1% (w/w) potassium tetrakis(4-chlorophenyl) borate (Fluka), and 93% (w/w) 2-nitrophenyl octyl ether (Fluka). Subsequently, the backfilling buffer was reduced to a column length of approximately 1.5 cm to minimize parasitic capacitance. Electrical contact between the microelectrode and the head stage was made through a 0.25-mm Ag/AgCl wire, and a single junction reference electrode (Model MI-409F, Microelectrodes, Londonderry, NH) was connected to the reference input of the head stage. Signals from the amplifier are fed into the computer by a DT-2801 analog-to-digital board from Data Translation (Marlboro, MA). Since the electrode was used in a stationary mode, then the output was followed off from the amplifier display. The stepper motors of the translation stages had sufficient resolution to position the electrode along the root, 30 mm from the root surface, as well as to quickly move the electrode into the background for solution reference measurements.
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